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A THEORETICAL AND EXPERIMENTAL INVESTIGATION or VARACTOR 
DIODE POWER HANDLING CAPABILITY IN L-BAND SWITCHING - by 
Frederic H. Levien 
1. 
4t r' ABSTRACT 
p , __ , •• :.:.4:~_.__ .. _ _.. ....... 
~- ·:-
-~· An examination is made of the theory of microwave p-n 
junction diode operation in switching circuits. An explanation 
is presented of the physical mechanisms involved when PIN and 
varactor diodes operate as switches, and an analysis is made 
of the changes that occur in their equivalent circuits as a 
consequence of exposure to high ~F power. 
A theoretical analysis is carried out of diode power 
handling capabilities as a function of the diode thermal and 
electrical characteristics·;·.,·····and the nature of. ·the applied ~ 
power pulse. 
I. A stripline L-band switch using present techhology Bell 
'S·ystem·microwave varactor diodes is exposed to increasing 
incident power levels and the resulting effect ~nits per-
formance as a power limiter is measured. The experimental 
setup and procedure for performing these tests is presented 
and described. During the test the diodes are monitored and 
their electrical parameters examined until diode failure occurs. 
Plots are presented relating the power level at which 
diode failure occurred, \o the fundamental diode parameter of 
series resistance. Included is a curve comparing the theoretrcal 
and experimental· data for diode failure vs incident power· level . 
... !..._ •••• ;-, '-l' -
·r 
C , .. 
:~. 
·" 
~ 
J'. 
f.V • 
.. 
-·- : ·- ~-· - .... ,.: 
A description ~f the diode failure mode and an explana-
tion of the possible mechanism responsible is presented, based 
\, 
on an analysis of the measured diode~electrical parameters 
and photomicrographs of' failed units. 
Conclusions and recommendations are given for designing 
microwave switching diodes with improved power handling 
capabilities. 
j. 
·' 
. , 
-------.--.- -·--•. --·-·- ---~-
0 
'· 
J-·-
. . 
i . 
! 
! 
. 
I 
' I 
I . 
~~ .... 
? 
,' 
• 
. ;· ---c,. 
-~ 
r'.·.'... . ..... , .. 'y'ij "'· . ),,:,.,.:.!."-
.. ·. ·· .. _. 
~- '-... 
I. INTRODUCTION 
.• 
Modern phased array radar systems most often requtre the 
inlroduction of complex protection and switching functions ....... 
ahead of the receivers. The need arises from the ever widening 
f . -~ ,,., __ . 
! 
disparity between the increased sensitivity of modern receivers, ~ 
and the increased power which may be incident upon the receiver 
either from circuit leakage or from transmitted power being 
reflected from nearby targets. In the past, protection was 
performed by T-R gas tubes. However these tubes suffered from 
fairly short operational life .. times and also require,d additional 
and sometimes elaborate circuitry to turn them on. 
A useful protective device should introduce negligible 
power loss and noise at low incident power levels, while at 
high incident power levels it should limit the power trans-
mitted to the receiver to a safe value. 1 2 Recent work' has 
shown that semiconductor p-n junction diodes can perform this 
job equally as well as gas tubes with the additional features 
of improved reliability, greater speed, and lower cost. 
The protective limiter action_ depends on the fact that the 
junction diode acts as a low-loss capacitor at low signal levels 
and as a low impedance at high power levels. With the d iod-e 
I 
capacitance tuned out, low levels of available power are de--
livere_d, to the load with low loss. With a high ·incident power 
level, the low imped~nce of the diode reflects this power, 
, preventing transmission1 .. to the load• 
• 
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In this area of control of microwave power through the 
use of semiconductors, two main PN junction type diodes have 
become prominent. These are the varactor and the PIN diode. 
In this report we will examine the physical mechanism of power 
-...\ 
. switching in PI-N and varactor diodes, but experimentally. only 
the varactor will be used. The reasons for choosing the 
varactor over the PIN will be listed followed by a brief 
description of the varactor diode used in this study. The 
. . 
varactor·diode equivalent circuit will be presented, thereby 
permitting calculation of the insertion loss performance of 
a stripline switch. 
A thermal analysis of diode power handling capability 
is presented, with curves showing the expected variation of , 
power handling capabilities as a function of diode series 
resistances and breakdown voltage. High power tests were run 
on diodes with. varying series resistance to check these pre-
dictions. The equipment and experimental procedure used in 
the power handling study is dEscribed and the results pres~nted. 
A discussion of the experimental results vis-a-vis theore-
tical predictions is presented, followed by an analysis of 
diode-failure mechanism. 
Conclusions and recommendations for making diodes with 
improved power handling capabilities completes the work. 
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II. THEORY OF DIODE SWITCHING ,,. 
The microwave diode limiter is basically a power sensitive 
passive attenuate~ based on the nonlinear properties of miC~o-
wave PN-junction diodes. When low power levels (less than 
1 mW) are incident upon the limiter structure with.in the rated 
operational frequency range, negligible loss will be encountered. 
Therefore, the limiter will act as a section of matched trans/ 
mission line with some firiite loss. In the case of a high power_ 
. level incident upon the limiter structure, the limiter acts as 
a highly mismatched section of transmission line. With respect 
to the power lost in this ease, it is due to both reflection 
and· dissipation. 
The major portion of the power is reflected toward the 
generator. The diode represents such a low impedance, that 
:only a small amount of power is dissipated in the diode. Since 
the power dissipated by the limiting diode (or diodes) will 
primarily determine maximum power handling· capability of the: 
limiter, this consideration is of extreme importance. 
1. P:CN Diode Operation3, 4 ,5 
The PIN diode though similar to the· varactor, contains 
an important ·structual difference. This is the inclusion of 
- . " . a relatively thick intrinsic semiconductor region (T region) 
. + + between highly doped P and N material layers. The variable 
• 
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resistance property of the PIN diode is caused by inject1·on of 
both holes and electrons into the intrinsic (or rr) region upon 
the application of a forward bias. This creates an electron-
hole plasma in what was formerly a dielectric region, thus 
converting it into a conducting medium, resulting in a change 
from a very high to a very low resistance. The impurity d·is-
tribution shown in Figure 1 represents an idealized PIN structure. 
The highly doped end layers aid in the fabrication of low resis-
tance contacts,·and themselves contribute very little to device 
losses. The doping in the center ~-type region is as light as 
possible. 
Figure 2 is a schematic representation of the wafer 
structure. The width, t, designates a portion of the ~-layer 
near ,the N+ -region which is swept free of carriers. to form a 
depletion layer primarily on the rr side of the N+-rr junction. 
For the small signal case, the diode is in the zero bias state 
and the depletio~ layer (t) is an appreciable fraction of the 
.. 
total rr-layer thickness. The depletion layer acts as a high 
Q capacitor, since the swept region is virtually free ·of con-
duction current carriers which could give rise to shunt leakage 
currents. The remaining portion of the rr-layer (W-t) is unswept 
high resistivity silicon,T and has a small but appreciable 
density of carriers, which provide considerable conduction. At 
sufficiently high frequencies, for -example L-band, the capaci-
. 
-
tative reactance of this thin layer is less than its shunt 
--< --····----·------· -- . -
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resistance, and this portion of the device is electrically 
equivalent to a capacitor, the Q of which is less than that 
of the swept region capacitance. For low signal levels then, 
., the device can be considered as two cap~citors in series; the 
depletion layer capacitance and the capaci~ance of the unswept 
portion of the ~-layer. The Q of the device is limited by the 
.. 
carrier density in the unswept portion of the ~-region. 
If the signal level is increased, the effects of carrier 
storage in the ~-layer become important. When appreciable 
· forward voltages develop across the N+·_7r and the p+ -Tr junctions, 
electrons from the N+ side and holes on the p+ side are injected 
into the ~-layer. Upon application of a large microwave signal, 
/ 
. 
carriers are introduced into the Tr-layer during forward voltage 
swing. At this frequency, carriers will not effect a transit .. ... '" ... ~-~· -·~· .. ···-~ 
across the Tr-layer during one forward swing, and since the 
carrier lifetime is long compared to the period of the signal, 
.... some of these will be recovered during th~ iev~~~e voltage 
swing, and some will remain in the~ region until the next 
f c1rward swing when mo-re · carriers are injected. After a suffi~ 
.;..,,- cient number of"., cycles, a steady state density of injected 
charge carriers will be built up in the ~-layer. This density 
is large enough to drastically reduce the effective resistance 
of the layer through the mechanism of conductivity modulation. 
Under this condition of high charge storage in the ~-region, 
the depletion layer capacitance is very large, the v-layer . 
. . 
resistance is small, and thus at high signal level the structure 
becomes essentially a low resistance. 
., 
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The equivalent circuit of a PIN diode is presente9 in 
Figure 3. 
With respect to the PIN diode interacting directly with 
. 
an applied RF voltage, serious difficulties can be encountered. 
This occurs by virtue of the requirement that an appreciable 
distance must be travelled by carriers in order to create an 
" 
effective low resistivity _electron-hole-plasma~· For typical 
PIN diodes, this transit time phenomenon can be reduced by a 
reduction in~ region thickness. However, the ultimate of 
. 
this approach is degeneration into the basic varactor design. 
PIN diodes because of their lower capacitance per unit 
c-.,....-
area~ and consequently greater area for a __ given capacitance, 
are able to handle more power than equivalent varactor diodes. 
However this is more than offset by their slower turn-on time, 
allowing "spikes" of power to get through, and by the necessity 
for additional circuitry to trigger them into the "on" or 
protecting condition. 
. ' 
2. Varactor Diode Operation6 
In Figure 4 and 5, the varactor wafer schematic and 
doping profile shows it to consist of a P+NN+ sandwich 
arrangement of semiconductor ·material, thereby creating a 
PN-junction. At zero bias, it is at equilibrium as a result 
of holes and.electrons distributing themselves such that there 
,, 
are essentially no carrie-r-s-----in- -th-e vicinity of the junction • 
This depletion layer region, free of electrons and holes, 
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enables the varactor to exhibit the req~ired characteristic 
of a parallel plate capacitor with ~he depletion la.-yer forming· 
the· separatidn between two conductive regions0 In order to 
control the magnitude of the capacitance, the junction area 
can be varied in size. :.a 
If a potential were now applied across the semiconductor 
junction, the depletion layer would change in thickness due to 
charge movement and therefore the capacitance would vary. If 
made sufficiently large and positive- in polarity, the normal 
forward conduction process of a PN-junction would occur. With 
varactors, no difficulty is encountered with respect to this 
process responding faithfully to an applied RF voltage of 
relatively low power levels of 100 to 500 milliwatts. This 
., 
can be attributed to the fact that holes and electrons need 
only·move a small portion of the depletion layer width. At 
higher power levels, a considerable amount of carriers, both 
holes and electrons, are injected into the region between the 
+ + N and P layers with an effective disappearance of the deple-
tion layer. In fact, ·this occurs to such a degree that the 
negative RF voltage excursions are unable to sweep out an 
appreciable portion of this charge. The varactor will then 
appear as having an infinite capacitance and hence very low 
resistance. 
The varactor equivalen·t circuit shown in Figure 6 contains 
a series resistance Rs in addition to its voltage dependent 
capacitance. This primarily arises from resistance associated 
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• 
' 11th the undiffused epitaxial layer and is constant until 
appreciable forward conduction takes place. When this occurs, 
) 
the injection of carriers as described in the previous \;, 
paragr9-ph can cause a. large reduction (as much as 80%) in 
series resistance, by conductivity modulation. 
3. Varactor Diode Description 
The wafer for the varactors employed in this study (shown 
in Figure 7) used an arsenic doped silicon substrate of .0015 
ohm-cm resistivity with a .00035 inch thick epitaxial layer 
which ranged in resistivity from 0.3 ohm-cm for the lower 
breakdown voltage diodes to 3.0 ohm-cm for the higher breakdown 
voltage units. The junction was formed by a 1200°C 30 minute 
,. 
" 
boron diffusion from a liquid Boron Tribromide source producing-
• 
a junction .00014 inches below the surface. This diffusion 
schedule leaves a very thin (approx. 5 micron). remaining high. 
resis~ivity layer in the wafer which ·is primarily responsible 
for the varactors capability to maintain a usable breakdown 
voltage yet still switch much more rapidly than the PIN . 
The top contact is a composite layer of sputtered titanium 
0 
. 
and platinum approximately 5000 A thick on which is plated 
approximately . 0005" of gold. · This metallizing system forming 
/ 
the top contact of the diode provides a self passivating 
-strongly bonded contact to the wafer and a low resistance · 
chemically inert, easy to bond sur:race fo .. r lead a ttac·hment. 
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The diode encapsulation {Figure 8) is a hermet·ically 
sealed- low thermal resistance structure designed especially 
for stripline applications. It consists of a molybdenum base 
-----· to which·' is brazed a low-loss high alumina ceramic cylinder. 
-
The wire lead is bonded from the wafer contact to a metallic 
area covering the top of the cylinder. The entire structure 
is baked at high temperature under vacuum in order to drive off 
moisture. The assembled structure is then hermetically sealed 
by brazing a kovar cover on in an atmosphere of dry nitrogen . 
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III. THE PRACTICAL MICROWAVE .SWITCH7 ,B 
, 
The detail of the diode mounting in the circuit showing· 
the additional capacitor used to tune out the diode series 
inductance is shown in Figure 9. 
The p-n junction microwave diode limiter operates in two 
. 
--, 
characteristic regions as shown in Figure 10. The "off" region is 
where it is desired to have the incoming signal attenuated as 
little as possible. This occurs in a power range where most of 
... . the useful signal levels fall, generally up to about 50 mw. At 
this point in power, the limiting action begins and undesirable 
increases of incident power result in no further increase in 
power out. Measurements taken on this switch have shown a 
constant transmitted power of about 35 mw as the incident 
power level increased into the limiting range. This agrees 
I 
well with the calculated predictions of insertion loss. 
\ It will be the purpose of the next few pages·to show that 
· .~ at the low power levels of the "off" region the amount of energy 
dissipated in the diode is so small, that no possible heating 
damage can be done to the device. At the high power levels 
near the upper end of the limiting region, the experimental 
data shows ·an ever increasing power dissipation in the diodes, 
• 
until a peak is reached at around 350 watts incidento It is 
,• during this rise that the units fail due to overheating. 
In order to calculate the ins~rtion loss characteristics 
of the switch, the series equivalent circuit of the varactor 
diode must first be transformed to its equivqlent parallel 
configuration. 
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1. · Diode.Equivalent Circuit Transf'ormation9,lO 
--1' . - J . 
In order to predict the performance of the switch, it is V 
necessary to convert the diode~equivalent circuit from a series 
to a parallel configuration. In Figure 6 diode admittance is . 
expressed as 
1 1 y = Z = R + jX =· G + j~ 
taking the comp~ex conjugate of the impedance: . 
we get: 
1 Y·= z = R - jX jX R - jX 
G + jB =·Y =, R - jX 
R2 + x2 
Equating the real and imaginary parts of equation 
we find: 
·G R 
= ~ x2 
... R + 
X and I BI -- R2 x2 + 
(1) 
(2) 
• 
-(3) 
(3) 
.. 
(4) 
. 
(5) 
In order to simplify equations 4 ana-5, let us examine 
the values of reactance and resistance for a typical varactor 
diode used in this study. 
If we consider that: 
1 . 1 
-~-c--~ (2w x 109) (g·x 10-12 ) 
... ~ 
•. 
I 
-
= 80 0 
' -
-(6) 
-. 
l.-. . 
' J 
• 
j, 
! 
i 
f 
! 
! 
! 
t 
l 
'; 
... 
~·· 
·"'t 
, 
.~ 
and: 
109) 10-9) IDOLS - (2v X (.5 X -
then: 
X "' 1 -- C (J) 
0 0 
We define the diode series resistance R 
therefore-equation (4) reduces to: 
R 
G ~ s 
- 2 X 
--- - ~ 
22 
- '. 
-"-
p 
- 3.1 n (7) 
' 
·.:..-. 
(8) 
in equation (4) as: 
(9) 
G "' R (ru C )2 S O 0 ( 10) ;' 
and equation (5) reduces to: 
(11) 
2-. ~-I·nsertion Loss Evaluation ~- ..... 
Consider the equ~1-ent circuit of the resistive shunt 
limiter as shown in Figure 11. We define insertion loss 
(I.L.) as: 
" 
I.L. _ power dissipated in GL 
• 
available generator power 
PL 
-
- PA 
In the load the current flowing is: 
(13) 
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and the power dissipated is: 
\, 
~--
..... ~ • 'II! -
. . . :.• ;~ - . 
.. 
PL= I
2R - v2G2 L L 
.. 
.•.. ,i,· 
•. 
(14) 
Considering that we have a matched load· \ . - " . 
then half of the generator power is dissipated in 
. 
the generator and· the power available from the generator is: 
• 
r ~-
th-eref ore: 
Since 
then: 
• 
2 t 1g PA --
1 2 1 PA= :1- • Gg 
-
-
Gg = G = Y L ·o 
4y2y 2 
0 
Rg· 
v2G L 
i 2 ~ 
I.L. 
----
- ig2 
... 
' ,. 
( ·..-
(15) 
• 
./ 
•• 
·~ 
(16) 
.• 
·• 
··-· 
·.-. 
(17) 
•. 
. ~· . 
- ... - •... ·.-c·-~c_-______ '-'•" •.• -=~==.;; 
-.. - -:\J;.,.~i~~t.;.r{ --
.. 
r 
! 
..•. 
--
... 
The voltage (V) developed across all of the elements is: 
. ~ 
V = ig ig =---
Gg + GL + G G~ 2Y + 0 
Solving for insertion loss in equation (17) we get:. 
4Y 2 . 2 
. 0 • ig 
where: 
I• L. = -2~----~2 
ig . (G + 2Y J 
0 
·r.L. 
G 
4 
Q. + 2 2 y 
0 
g = y = Z G 0 
0 
4 
----~ 
- (g + 2)2 
.. 
?ram equation (10) for a typical diode: 
G = R6 (ru0 Cj)
2 
- 2.0 (2rr x•1.3 X 109 X 2 .~ }o-12i2 
- . 00054 mhos 
~a.nd. 
. .... 
= 27000 X 10-6 
4 I.L. - ~2 ~--------g · + 4g + 4 
. ,._. 
_25 
(18) 
(20) 
----. ~ - - .. __ ----~~~---- - -
I 
~ ii 
I 
1· 
I 
1 
., 
t 
.c:. 
i'. ' 
. 
- ----- ------ -··-----· -- - - - -- - -- •-~ - - - - -
. . 
but since g is so small: 
"' I.L. 1 g + 1 
~ .9730 
26 
-~-s. 
~ .. "· 
·-
(21) 
Thus we see that in the low level state, all but three percent 
of the incident power passes through the switch to the load, 
presenting little opportunity for any appreciable power 
dissipation to occur in the diode. 
However, once we enter the incident power range where 
limiting action occurs experimental results show that no 
additional power is transmitted, and that all of the incremental 
power is either reflected back toward the source or dissipated 
in the diode. It is this latter power that eventually brings 
on diode failure. 
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Pl. POWER HANDLING CAPABILITIES ll, ~2 
'\ 
The maximum power that can be safely handled by semi-
conductor diode switches is limited by the tpermal properties 
'-
of the diode junction. As we have discussed earlier, the 
major contributing factor to heat generation at the junction is 
-· 
the series resistance (Rs) of the diode. The analytical study 
on the following pages will enable us to determine the relation-
ship between the diode R8 and the peak line power that can be 
' 
safely switched. We will consider the interaction between RF 
p0wer incident upon the diode, and the resulting heat flow 
problem. 
Given a group of N parallel diodes shunting a line of 
:, 
impedance. Z
0
, we can make the valid assumption that the 
parasitic reactances of the diodes are negligible, having 
been resonated out. In _their low impedance states the diodes 
reflect most of the incident RF power~ Some power however, 
is always dissipated in the diodes. As pointed out before it 
is this power when excessive, that causes d iod·es to fai 1 by 
overheating. 
Good isolation capability is important since a prime 
purpose of the switch is to connect or remove a shunting 
impedance from the system in order to limit the power trans-
mitted. Isolation is measured with the switch off and is 
given in decibels by: 
-Isolation 
pl 
= 10 log 
-------- ----------- -
--- ---- _P 2~-------· 
-
··. -.--_ .-;'.-~~,,,~ .... _--- - - .- . - - - ---
• - ----- - • -
- > - ------
-
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-- ·---------~-~~-
~ - .. ' .... 
,: 
1:· 
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t 
t 
J 
I 
I 
I 
I 
I 
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I 
• 
·l 
where: 
-
-- -
.. . . 
·-
-
. ----------
. 
- :, 
.., .. 
P1 = ·maximum power available from the generator 
= V 2 /42 g 0 
P2 = power delivered to the load with 
sw:i.tch off· 
V g 
z 
0 
-
-
generator voltage 
characteristic impedance of· 
transmission line 
--To~ a good approximation the isolation provided by an 
-$rrangement of N diodes in a stripline switch is: 
28 
·-':\ 
.-:; 
Isolation -
N2 z2 
0 
- 4 R 2 (22) 
where 
s 
• I 
R = equivalent microwave series resistance of the N S· 
diodes in parallel 
Defining PK as the peak incide~t line power that can be 
switched, the power dissipated per diode, PD, is: 
The maximum power that can be applied·to a diode junction 
without exceeding its rated maximum temperature can be deter-
mined by assuming~ junction cooled entirely by conduction, 
. , 
wnere all heat is assumed to flow througl"l a single thermal 
resistance to a heat- sink held at temperature Ta.· 
I 
' 
-
- .... --- - . 
. 
• 
I 
I 
1 
I• 
,_ i 
! 
1 
. ' 
i ' -t' ~ -
~.~ 
;~·--~- - . 
:i2...:._ ' 
~- I 
r:- - . ! 
(. ~· ; 
i I 
i · I 
I 
l 
- ! 
' 
.. 
.· .. 
-._-~;, 
..,., .• • 29 
- -
Before proceeding further, we must examine the· d·iode 
~ ~ - -
wafer in_Figure 7, and define some of its pertinent charac~r-
-1-. 
is tics. 
(1) Volume= 20 x 20 x 6 x 10-9 x o.8 = 1.920 x 10-6 
= 1.92 X 10-6 in3 
...-
'\ 
~. ; 
The factor :o.8 is a correction for the effect of spreading 
resistance. • 
(2) CH= heat capacity of junction in calories 
'- .. 
= (volume x density x ·specific heat) 
= (1.92 x 10-6 in3) (2.54 cm)3 (2.33 gm) 
in cm3 
cal ( 0.2 oc) gm-
= 14.6 x 10-6 calories/DC 
-(3) aja = thermal resistance of junction: DC/watt 
which for the diodes used -in this study was found to 
have these values: 
High BV = 72V 
Medium BV = 26V 
Low BV = 16v 
Where eja is the average value 
-
eja - 35°C/w 
-
eja - 46°C/w -
- 56°e/w eja --
for all diodes 
that group with similar breakdown voltages. 
( 4) K = thermal time constant of junction ,· 
-
··~ 
where {for example): 
K = 35DC/w x 1.46 x 10-5 cal/DC 
measu_red 
46 -5 cal 4 86 watt-sec = 35 X 1. X 10 ' watt X .1 Cal 
= 214 x 10-5 sec or 2.14 milliseconds 
) 
• 
in 
.. 
• =· . 
. ·
.. 
' '\c, 
- --=~. i 
.. .. , · j 
., 
. . 
. 
--- --· 
) 
/ 
/ 
r-:·~- Time Constant 
. 
Kl - 214ou sec 
K2 - 2820u sec 
K3 - 3.430u sec 
l:n order to·analyze the 
Type of Diode 
High BV = 72V 
· Medium ·BV = 2·6v 
Low BV = 16V 
30 
int~ract~ons bet~een the RF signal and 
' 
the diode we must define some power terms. 
where Pab = Pabsorbed = PI - (PR+ PT) (for two diodes) 
PI - Power incident 
PR - Power· reflected 
PT= Power transmitted 
PD·= 1/2 Pab = Power dissipated for each diode 
PK= Peak incident line power that can be switch;d 
PM= Maximum average power that each diode can safely 
dissipate that will produce the junction temperature 
TM 
P - the averag.e power that a pair of diode·s sees as a avg 
.... .. -
,_, 
/ __ •.· 
'\ 
result of the power pulses to which they are exposed. 
For example, given a line power of 4oo·wattp with the pulse 
shape as described in the next paragraph, we see that: 
Pavg - 400w X ( duty eye le) 
((pulse rate)) - 400w X width) X ( pulse repe:ti ti:on 
-
4oow X [(500 X 10-6 ) ( 100)] -~-
-
20 watts (25) 
If we consider an applied RF power pu~se-as pictured in 
Figure 12, diode temperature will respond with the following .. 
characteristics:.. 
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TIME 
J:IGURE l~-0/00E SINGLE PULSE TEMPERATURF R£SP0"'5E· 
where: 
tp pulse width -
: ~ l. 
tr - cycle time -
1/pulse repetition rate -
-
(t -t ) = interpulse interval 
r p 
- 500 usec - .0005 sec 
-
1 
-
.01 - - sec 
-
100 cycles/sec 
Examining this temperature response in more detail we 
see that wh.en a single pulse of RF power is applied to the 
diode: 
. .,,,. 
_,_. 
,._ .. , 
T· J 
I 
' I t ~ t TIME 
r/6URc /oh 
the junction temperature Tj, rises according to 
T . = T + PD e . ( 1 - e -t/K) 
'J a Ja 
When the RF power is turned off at the end of tp,, 
1j 
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., 
I)uring the interpulse period the diode T j cools ~to: 
Tj - T + (T - T) e-t/K {27) - a j a 
,f 
Note that if t is long or .if K is small then 
'.r• 
Tj l"\I T 
~-~ 
-
- a 
In the case of primary interest here, RF power is applied 
--
repetitively in many pulses, therefore at any point between 
Ta and T2 , the rise in junction temperat?re due to a pulse is 
given by: . ' 
- -t /K , 
T2 - T 1 + (Ta + PD e ja - T 1 )(1 - e p ) (28) 
I 
At any point the drop in junc·t.:to·n t~mperature during 
interpulse interval (t ·;..t ) ·is: ·-
r P· 
-(t -t )/K 
Tl= Ta+ (T2 - Ta)(e . r p ) (29) 
The resultant heating and cooling curves and the temperature 
rise of junction are illustrated in Figure 14 where: 
·-TM - max safe junction temperature 
T \ = ambient room temperature a 
Tl - junction temperature when pulse arrives 
T2 - junction temperature increase due to pulse 
We note that during the first few hundred pulses • prior 
to equilibrium the cooling portion of the saw tooth curve 
never quite returns to the temperature of the junction 
immediately prior to the pulse. Thus each successive pulse 
_during this period before equilibrium raises the junction 
temperature slightly. 
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Once equil.ibrium is reached, the T1 'i1 in equations (28) 
and- (29) are equal. We can then combine these two equations, 
and eliminate the lower temperature bound. Then upon rearrang-
ing terms we have: 
-t /K 
- 1 e P . T2-Ta PD9ja - (30) - -t /K 
1 
-
e r 
_r2-Ta is the rise in temperat~re experienced by a diode junction characterized by eja and K, after dissipating incident 
pulse power describable b.y PL, tp' and tr. Defining Pc as the 
maximum cw power which this diode can safely dissipate, and 
TM as th~ corresponding maximum junction temperature, equation (30) becomes: 
-
(31) 
r·r power is applied continuously, and we consider the maximum 
allowable junction temperature to be 125°c, then 
T j approaches TM = 125°c 
With ambient temperature: Ta= 50°c, and eja - 35°C/watt, 
we solve for: 
' , ...... \ .. -~"······· .... 
-
-
T -T m a 
-
125°c - 50°c -
35°C/.w 
75 
35 
= 2.·14 watt 
·\ 
.. 
-· ------------~!:--
v' _I 
:•. 
) 
This is the incident continuous cw power that·the 
.. 
diode sees to produce TM= 125°c with Ta= 50°C and 
-e. = 35°C/watt Ja 
36 
. ' !.L-
These calculations consider the high BV diodes only. 
Values for the medium and low BV diode_s are not significantly 
different. 
Summing up then, the peak line power that can be switched 
(PK), is related to PM by: 
N2 Z 
PK = PM o 
4 Rs 
.. 
where PM-is· the maximum power that each diode for a wafer with 
given physical properties can safely d·issipate under a specified 
t and t and is equal to: p r 
1 - e 
- e 
-t /K r 
-t /K p 
where PC is the maximum cw pbwer that the diode can safely 
dissipate and is found to be: 
~the ref ore-: 
.p 2 .14 -
-M 
T -T M a 
-
eja 
1 
-
.. ~ 
e 
l -- e 
- 2.14 watts 
·( 4 . _ -6) 
-6· . 
- lO X lO .. 2. 14 X ( 10] X 10 ) .• · 
- 6 
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• 10 . . -., 
- 2.14 . ----·---~-. --------- ----·:----- -- --= ·2:.14 1 - -e --
--~ 
1 
-
= 2.14 (4.76) 
= 10.2 watts 
e 
--- -, .5 
- 2.14 
• 
With N = 2 since we are using two diodes, and a known 
Z0 = 50 ohm stripline impedance, then the peak line power 
that can be switched is found to equal: 
PK = 10.2 
918 Watts 
."· -<. 
··- ? . 
Thus we have established a relati.on ..shlp between a most 
important circuit design parameter and a diode parameter that 
is readily understood by the device engineer and one that he 
can predict and control. This relationship is plotted as the 
upper curve in Figure 15. 
The fpllowing section of this study will be devoted to 
an experimental determination of this relationship; 
. . 
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V. EXPERIMENTAL STUDY 
In order to establish a capability that would be directly 
correlatable to proposed system requirements, the experimental 
setup was arranged to place the diode in an electrical and c __ 
mechanical environment as similar as possible to the final 
system environment. 
A brief description of this equipment and its arr~ngement, 
\ in addition to the diode electrical characteristics that were 
measured is given in the following paragraphs. 
1. Equipment 
A block diagram of the experimental arrangement is shown 
in Figure 16. A Litton Model 434-1 high power microwave 
generator was used as the incident power source, feeding 
through a 20 db Hewlett Packard Model 940-1900MC double ~ 
./ 
directional coupler to both the switch with the diodes under 
test, and two Hewlett Packard Model 478A ther~istor power 
(_ monitoring heads. A Model 431A Hewlett Packarti power meter 
'•. __ ) being fed from each of the thermistor ~aunts monitored 
incident and reflected power. The switch itself was a test 
circuit specially designed to permit more accurate evaluation 
of solely diode performance. Another H.P. thermistor mount 
through a directional coupler at the output end of the switch 
was used to monitor transmitted. power. There were the 
necessary attenuation pads to bring the power values into 
the most accurate range of the meters. All pads were cali-
brated prior to and at the completion of the experiment. The 
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bias circuit consisted of a constant voltage supply and a 
• . ~ ·---Hewlett Packard digital volt meter connected in parallel 
across both ,diodes. The diodes worked into a 100 ohm 
impedance in the biasing circuit. It has been found that·· 
the level at which limiting occurs is directly related to 
1.- this impedance value. 
2. Procedure 
.z 
\ 
The electrical test program for all the diodes·used in 
this study is tab"lated below: 
Testing Program 
(a) Diode Electrical tests before and after power exposure: 
d.c. conditions 
Breakdown Voltage BV at 101,1a 
" Breakdown Voltage BV at lma 
Saturation Current IR at -5V 
Forward Voltage vr at 25ma 
Transient Recovery Time trr at +25ma; ..;.50ma 
Thermal Impedance \. ,;- eja 
·tL 
microwave conditions 
Forward Resistance Rf at 25ma . 
Series Resistance Rs at -5V . 
at L-band Total Ca -- ac · tance _p l. CT at -5V 
C ond uc tanc e G at -5V -
....., 
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.r • (b)- _Diode electrical tests during power exposure: 
Incident Power 
Time 
O 5 
O . , .. 5 
l 
10 
10 
min 
min· 
Re fleeted Power -
Transmitted Power 5 10 min 
The following criteria were establishe_d · in order to 
define when a diode was to be considered a failure after 
exposure to power: 
(1) 6BV > 3 volts 
~ 5 (2) I I Rat Ri-nitial test • (3) 6Rs > + • 2() 
-
;: 
(4) 6Rf > + .10 
-
Incident power levels began at 200 watts and were 
increased in 50.watt increments up to 450 watts. 
In order to simplify the analysis of diode characteristi_cs 
and their relation to switch failure, the device pairs were 
selected so that their breakdown voltages, capacitance, and· 
series resistance were m~tched as close~y as possiblee (There 
would be a similar requirement placed on devices to be chosen 
for actual switch applications). 
The initial electrical characteristics of all of the 
diodes are summarized in Appendix l. The table summarizing 
changes in diode parameters after each power test is presented. 
in Appendix 2. 
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3. Failure Analysis 
Recent work in p-n junction failure analysis has shown 
' that the two major causes of junction failure are a manifesta-
tion of internal or "bulk" .imperfections, or else the result 
of chemical reactions on the surface of the semiconductor. 
Bulk failures are indicated by _a radical reduction in break-fl 
down voltage, an increased level of leakage current, and a 
substantial lqwering of forward voltage. Existence of surface 
-failures are most readily seen by_ large incr~ases in saturation 
current and capacitance coupled with the typical step reductions 
in BV, the so called channel type of re.Nerse characteristic. 
Several types of data ( listed be low) were taken and 
analyzed in order to provide some insight as to which of theJ;e:. 
failure modes existed. 
( 1) ·Electrical data at d .c., and :mi·crowave frequencies. 
(2) Photographs of oscilliscope trace V-I characteristics 
of both failed and good diodes after power exposure. 
(3) Photomicrographs of junction areas of both failed 
and good diodes . 
Data showed that electrical parameters measured at d .C:., -~ 
in particular BV and IR, indicated in those units that 
. eventually failed, shifts toward diode degradation at a 
lower power level than the microwave data. Thus the d.c. 
data seemed to be the most sensitive indicator of diode 
damage. 
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Examining table A below, showing the number of failed 
diodes by type of d.c. failure at each level of incident power, 
we note that two types of failure mode appear. At 200 watts 
the majority of the failures were due to the collapse of 
· breakdown voltage. 
This level of ·exposure evidently acts as a screening 
test, eliminating inherently weak devices from the population. 
Those diodes remaining operate satisfactorily until the in-
cident power level approaches 400 watts, where the second 
failure mode -- increasing saturation current -.- starts to 
dominate. 
TABLE A 
Type of Incident Power Level 
Failure 200 250 300 329. 400 450 
BV 9 6 1 -- 0 2 0 
IR 4 3: 1 6 5 ··2 ,. 
BV &- IR 4 o.· 1 1 ...... , p: O' 
' 
Reviewing the d.c. and microwave test data on each device 
after low (200 watt) power exposure provides evidence that 
.'/ 
these failures are primarily a bulk phenomena. In particular, 
the negligible shifts in diode capacitance points heavily to 
an absence of surface effects. This conclusion was further 
confirmed by examination of photog.r~phs of V-I oscilliscope 
patterns on both good and bad. diodes. None or~ these p~otos 
';'>, • -
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showed any of the characteristic "step" type _reverse character-
istic found in devices with surface fai l'ure problems. An 
indication of the increase in saturation current that can be 
expected from the diodes-as a function of power level is 
presented in Figures 17, 18 and 19. Recent work has shown 
that shallow junction devices such as these are quite sensitive 
to slight imperfections in the surface of the epitaxial I. 
material. These etch pits, inclusio.ns_, tri-pyramids, stacking 
faults and scratches all tend to l.ower the BV capability of a 
device. The diodes tha~ failed in the 200 watt range were 
· perhaps made from silicon material with a larg.e. number of these 
.,. imperfections, causing them to fail under less severe power 
conditions. 
Photomicrographs of diodes that failed under the high 
(400 watt) power exposure Sbow a migration of the contact 
metal to where it is penetrating the junction area. This type 
"' '• 
of metallic migration could easily be the result of alloying 
resulting from excessive heating. This raises the question 
as to whether sufficient currents exist in the switch to 
2 generate I R·type of heating in the diode. 
In order to explore the possibility of high c~r ..:re.nts 
causing excessive heating, it will be necessary to calculate 
th_e expected voltage drop across the diode due to the RF signal 
voltage. 
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Consider our_generat~r-diode-load 
__.... 
below: 
Gg t;o YL=~ 
F/Cit/RE e/Jo. 
49 
circuit as given 
. 
Zo 
- Vg R.1 
FIGI.IRE 2.() iJ 
' 
' F/61/.RE ZO-E~t/lVHLENT ~/RCI.II r: tSENER#TO,f'-fJ/CJLJE-L()/1/) 
'-
I ( 
( 
i . 
·-. 
At the 400 watt peak power level, whe~e the ~econd 
type of failure mode starts to dom.inate, the output ll 
voltage of the high power source 
vpk - 2 J PLZo 
V pk - 2 j 400 x 50 
- 280 volts 
is found to:.be: 
• 
Converting the circuit of Figure 20a to a series 
combination of the characteristic impedance of the line 
( z ) arid a series 0 
bination of diode 
(ZL = zo in this 
a-c:ross the diode 
Then 
equivalent (Rb) of the parallel com-
resistance (Rd) and load resistance 
case), we see that the voltage drop 
is proportiona 1 
I I 
I 
-
R' D 
-z 
0 
to the ratio of the 
A simplified schema tic -of this is shown in Figur.e ...... 
20c. 
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Therefore: 1 Rd 2o 
= V pk -~ Rd + Z o 
Rd 
= V : - pk 
Consider Rd as the resistance of two diodes in parallel in 
a region near the maximum resistance point of about 2~0 
ohms. The voltage drop across each diode is found to be: 
vdiode vpk 
1 
= 1.0 50.0 + 
- 280 (h) -
... 5.5 volts = 
' \. 
.. 
since .the voltage drop across the diode exceeds the reverse 
bias, the ·resultant bias point occurs in the forward region. 
Further increases in Rf signal move the bias well into the 
forward region and current increases rapidly, causing diode 
' re~istance to increase rapidly~due to excessive heating. 
These are the conditions for therma 1 runaway, a;nd the most 
probable cause of diode failure. 
,-4. Compa~ison of Results Between Theory and Experiment 
There are two assumptions made in the theoretical· 
I development of the diode power handling capability, which 
undoubtedly account for the greatest portion of the dis-
crepancy between theory and experiment. 
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Fir·st in the thermal analysis le.ading -to theoretical 
.. power capability curves of Figure 15, all heat is- assumed to 
flow through a single thermal resistance to a heat sink clamped 
to a fixed temperature. However, photomicrograp.hs of cross-
sectioned diode holders show that this structure clearly adds 
one area of very.high thermal impedance. This occurs between 
---~- ---
the base of the diode to the outside walls of the switch 
(-effectively the temperature of the heat sink). The photos 
show a corrugated washer used to compensate for variations in 
mechanical tolerances, yet still maintain adequate mechanical 
f' ~ 
.~·-· i pressures on the base of the diode. The wavy surfa-ce ·Of the 
· washer results in actually cutting down the area of contact . . ~ 
for heat flow by approximately 60%. This, of course, raises 
considerably the temperature of the wafer. Thus, we can see 
that the discrepancies between predicted and actual diode power 
handling are due at least in part to the failure of the actual 
structure to meet the idealized model assumed in the thermal 
analysis. 
... 
The second assumption is in regard to the· quality of the-
silicon used in making diodes. When discussing the power 
handling capability of a qiode the current carrying capability 
per unit area is critical. This inherently assumes uniform 
distribution of current over the entire junction area. 
Recent work has shown that surface imperfections on the 
silicon wafer such as inclusions, tripyramids, stacking faults 
and scratches act as ·centers of_ localized current crowding 
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which in turn raises the current density sufficiently in this · 
localized area to produce a condition of thermal runaway. The'· 
~ 
time necessary for the formation of~such a localized current 
buildup has been observed on some high power diodes to be less 
than 100 nanoseconds. The current density of a hot spot can 
be very large, thus·resulting in a high enough temperature at 
the center to cause alloying from the surface contact down 
localized hot spots perpendicular to the t·junction. Photomicro-
.graphs of units that have failed in this study have shown the 
_,. 
existance of these alloyed areas. 
. . 
Previous p-n junction light emission studies on devices 
made from similar silicon material as those units used in this 
,;, 
. 2 
, power study have shown imperfection densities averaging 200/cm • 
This departure from the as'sumed homogeneous distribution of 
breakdown across the entire diode ·junction area is undoubtedly 
another of the major causes of the failure of these varactors 
. ) to meet the leve 1 of power hand ling capabi'li ty predicted from 
the, thermal analysis study. 
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VI. CONCLUSIONS AND RECOMMENDATIONS ) 
' All of the diode pair~ used in the study were separated 
into 5 distinct groups of series resistance. ,For each of these 
groups, distribution plots/were prepared of failures (as 
' 
defined on pages 41 and 42) after a given power level. The 
50% point (i.e. that power level at which one half.of the 
diodes would be expected to fai~lJ~nd the plus and minus one 
sigma _points (standard deviation) were determir1ed. Figure 21 
is a plot of these points as a function of diode initial micro-
• wave series resistance at -5 volts bias. Figure 22 and Figure 
23 are plots obtained using the same technique as Figure 21 
except breakdown voltages were substituted for series resistance. {, 
As one might expect, the results are closely related since diode 
BV and Rs are inversely proportional to ·one another. 
Examination of Figures 21, 22, and 23, lead to the con-
,r 
:_clusion that in the design of stripline diode switches it 
. ' would behoove the circuit designer to choose the minimum 
breakdown voltage commensurate with actual system needs. Any 
excessive demands on diode breakdo~n voltage would be at the 
expense of power handling capability. For the switch used in 
this study and the 2 pf capacitance diodes needed to operate 
( it, a brea~down voltage of 25 + 5 volts sijpuld be specified, 
.,. and series resistance ~t -5 volts should be limited to a 
maximum value of approximately one-half ohm. This would 
provide satisfactory switch --operation up to 300 watts with a ) 
pulse width of 500 microseconds and a pulse repetition rate of 
100 cycle~per second. 
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As a further precaution, all diodes should be screened 
; 
at a power level of 200 watts to eliminate those potent~ally 
· weak uni ts. 
In recommendations for the future, there are three areas 
,_ 
where efforts should be concentrated toward improvements in 
diode and S·Witch performance. 
1 First, the acceptable defect count for silicon material 
intended for use in fabricating switching varactors should be 
lowered to a technologically achievable maximum of 50/cm2 . 
' 
Thi~ would considerably reduce the areas where possi~le hot 
spots cou·1.d form and bring the diode wafer much closer to 
realization of the idealized uniform junction area. Material 
.,I 
... 
requirements for switching diodes should be written to specify 
/ 
this lower defect count. 
Secondly, a significant improvement in the diode power 
handling capability could be achieved by a redesign of the 
switch to improve the thermal ·path in the diode holder in 
order to lower the thermal impedance between the junction area 
and the ambient sink. For example use of·a bellows type 
spring rather than the corrugated washer now used would in-
crease the contact area for heat ___ f_low from the diode, thus 
permitting it to run considerably cooler than is presently • 
possible. 
Finally, there is one area of inves·tigation which 
.,;' 
hold~ the greatest promise for. improvements in power hand ling 
ca_pability. This approach attacks directly the problem of 
_.., 
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reducing diode series resistance by redesign in the diode wafer 
using a new geometry. It has been pointed. out(l3) that junction • 
shape a·s we 11 as size, has a :i;rrof ound effect OR diode perf or-
mance. Calculations have ~en ::iae ( 14 ) showing that several 
small junctions (or diodes) in parallel would be superior in 
performance to a single larger junction of the same .total area, 
since this would provide a significant reduction in spreading 
resistance. For example, 10 paralle 1 1 pf dots wdatcr-... nave a 
total resistance of 1/10 that of a 1 pf junction, where as the 
single circular 10 pf junction has a resistan~ 1/JlO that of 
a 1 pf junction. 
Sumrning up, we have in this study examined the funda-\, 
. 
. mentals upon which diode s~itching is based. A theoretical 
prediction of diode power handling capability was made, followed 
by experimental examination of actual power handling capability 
'•· 
-
using a practical switching circuit. Analysis of failed diodes 
was performed in order to determine the failure mechanism. An 
explanation was presented next, reviewing the basic reasons for 
the discrepancies found to exist between theoretical &nd 
experimental results. 
Finally, guidance was provided for future works in the: 
form of suggestions as to which areas might prove most fruitful 
t in the quest for methods of improving diode power handling 
capability in L-band switching. 
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-5V IR=2T~=50ma No. Volts Volts pf ~mhos 0 0 Volts namps Ns c , ~C/Watt 
34 61 73 2.337 226 . 76· .31 .82 25·0 34 30.2 i 
36 62 63 2.649 230 .59 .29 .82 210 33 31.1 
118W 13 69 69 1.613 283 2.22 o.49 . .86 641 49 37.3 -
: 25 66 67 1.895 371 2.01 .48 .86 271 44 35.0 ., ! 
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